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In response to infection, the bone marrow adjusts production of leukocyte cell types to fight off disease. In
this issue ofCell Stem Cell, Hall et al. (2012) use the zebrafishmodel to show that nitric oxide (NO) production
drives expansion of hematopoietic progenitors to produce more granulocytes.The hematopoietic bone marrow re-
sponds to infection or inflammation in
peripheral tissues by adjusting the quanti-
ties and proportions of the different types
of leukocytes produced and mobilized.
The most obvious and consistent out-
come is a greatly enhanced production
and mobilization of neutrophilic granulo-
cytes (neutrophils), which have a short
lifespan and are needed in large numbers
to fight infections. These demand-driven
adjustments of hematopoiesis appear
to involve several levels of the hemato-
poietic differentiation tree, from the multi-
potent hematopoietic stem cell (HSC)
through the multipotent then myeloid- or
lymphoid-committed progenitors, and
downstream precursors of the differenti-
ated cells. Some molecular actors in
this demand-driven hematopoiesis have
been identified. Infection boosts G-CSF
blood levels, which stimulates both neu-
trophilmobilizationandproduction (Zhang
et al., 2010), often at the expense of
lymphopoiesis. Another landmark finding
was the discovery that within a family of
closely related transcription factors, the
C/EBPs, C/EBPa is essential for steady-
state granulopoiesis, whereas C/EBPß is
essential for infection-induced granulo-
poiesis (Hirai et al., 2006). More recent
work reveals that the HSCs themselves
can respond to infection by increasing
their rate of proliferation and/or differentia-
tion (reviewed in Baldridge et al., 2011). In
this issue of Cell Stem Cell, Hall and
colleagues report that the inducible form
of nitric oxide synthase (iNOS) acts down-
stream of C/EBPß in a zebrafish model of
demand-driven granulopoiesis.
The zebrafish displays an array of
leukocyte cell types very similar to those
of mammals. The ontogeny of the hema-topoietic system is also very similar,
making it an increasingly used animal
model for studying hematopoiesis. In the
embryo, a so-called primitive wave of
hematopoiesis produces erythrocytes
and myeloid cells directly from meso-
derm, and then the definitive hematopoi-
etic stem and progenitor cells (HSPCs)
emerge from the endothelial floor of the
dorsal aorta. TheseHSPCs, which include
the future long-term HSCs, subsequently
home to successive niches that will sup-
port their expansion and multilineage dif-
ferentiation (Figure 1) (Murayama et al.,
2006; Kissa and Herbomel, 2010; Ber-
trand et al., 2010). While the location of
these successive hematopoietic niches
differs in fish and mammals (larval tail
then kidney versus fetal liver then bone
marrow), themolecular pathways involved
in the development of both primitive and
definitive hematopoietic cell types are
remarkably conserved (reviewed in Ciau-
Uitz et al., 2010). Thus, the miniature size
and full transparency of zebrafish em-
bryos and larvae provides a unique in vivo
access to aspects of developmental he-
matopoiesis that are difficult to approach
in mammals. For similar reasons, zebra-
fish larvae have been increasingly used
to investigate innate immune responses
to infection following injection of various
microbes (reviewed in Renshaw and
Trede, 2012). This line of research has
shown that larval macrophages and
neutrophils interact with various microbes
in manners that are quite similar to their
homologs in adult mammals.
The present paper by Hall et al. is the
first one that links these two themes—
hematopoiesis and host response to
infection—in zebrafish. By skillfully com-
bining in vivo imaging and molecular toolsCell Stem Cell 10available in this animal model, the authors
have delineated how the hematopoietic
stem and progenitor compartment re-
sponds following infection to generate
an increase in granulocyte output. The
authors injected gram-negative bacteria
(Salmonella) into the hindbrain ventricle
of transgenic larvae in which a fluorescent
reporter highlights neutrophils and their
immediate precursors (myelocytes). As
in previous studies, the injected microbes
attracted the larva’s macrophages and
neutrophils, which together engulfed all
or most bacteria. Depending on the dose
of injected bacteria, up to 60% of larvae
displayed a major depletion in neutrophils
at 1 day postinjection (dpi), but 1 day later
these same larvae displayed a greatly
increased granulopoiesis at sites of larval
hematopoiesis in the trunk and tail.
This infection-driven granulopoiesis was
accompanied by a clear decrease in the
production of lymphoid progenitors and
colonization of the thymus rudiment. Yet
it was not only due to an increased com-
mitment of HSPCs to myeloid rather
than lymphoid fate, but also to an increase
in the number of HSPCs. This increase
was likely due to their enhanced prolifera-
tion, because their initial emergence from
the aorta wall, normally over by that time
(Figure 1), was not affected. As to the
signaling pathways involved, Hall et al.
found that macrophages at the site of
bacteria injection expressed G-CSF,
whereas HSPCs and neutrophil precur-
sors at hematopoietic sites expressed
G-CSFR. They then proved by morpho-
lino-mediated gene knockdown that
G-CSF signaling was required for the
infection-induced granulopoiesis. Analo-
gous with those of Hirai et al., subse-
quent experiments showed that C/EBPß, February 3, 2012 ª2012 Elsevier Inc. 105
Figure 1. Timeline of Zebrafish Larval Hematopoiesis
Zebrafish embryos become ‘‘swimming larvae’’ as they hatch, by 2.5 days postfertilization (dpf). Definitive
hematopoiesis starts in the trunk with the transformation of endothelial cells of the dorsal aorta (da) ventral
wall into hematopoietic stem/progenitor cells (HSPCs), from 32 to 56 hr postfertilization (hpf). These
HSPCs then home to the Caudal Hematopoietic Tissue (CHT) formed around the transient caudal vein
plexus (cvp), where they expand and differentiate into several lineages for about 1 week. From there,
some migrate again to colonize the thymus rudiment (t) from 56 hpf, then pronephric kidney (ki) from
4.5 dpf. By 3–4 dpf, clusters of DA-derived HSPCs derivatives are also found in the trunk between the
DA and axial vein (av), which have now moved apart from each other. Hall and colleagues found that
infection of the brain ventricle at 2 dpf often caused greatly enhanced granulopoiesis in both CHT and
trunk hematopoietic clusters at 4 dpf; they then focused their analysis on the trunk component from
1 dpi (3 dpf) onward.
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Previewsexpression was induced in HSPCs as
early as 12 hpi, and later in the neutrophil
precursors, and that C/EBPß knockdown
did not affect granulopoiesis in uninfected
larvae, but suppressed infection-induced
granulopoiesis. Importantly, Hall et al.
identified a critical downstream step: a
C/EBPß-dependent expression of iNOS
(NOS2) by both HSPCs and neutrophils/
neutrophil precursors, which was re-
quired for the infection-induced increase
in HSPCs and neutrophils. Using a larva-
permeant fluorescent NO sensor, they
could even image in vivo the induced
production of NO in neutrophil precursors
at cellular resolution—a typical beauty of
the zebrafish model.
This involvement of NO is not to be con-
fused with the developmentally earlier,
blood-flow-related stimulatory effect of
NO on the initial HSPC emergence from106 Cell Stem Cell 10, February 3, 2012 ª201the aorta wall, which occurs through the
endothelial expression of NOS1 (North
et al., 2009). Future studies will be needed
to validate this new role of NO in mam-
mals, and investigate how NO production
by HSPCs and neutrophil precursors
stimulates their proliferation. Interestingly,
Hall et al. also present data that suggests
that forced expression of C/EBPß in the
primitive myeloid progenitors in the em-
bryo’s yolk sac also induce their iNOS
expression and proliferation as neutrophil
precursors, suggesting that the hemato-
poietic effect of the C/EBPß/iNOS axis re-
vealed in this studymay be a quite general
one through ontogeny and phylogeny.
One intriguing point in this study is that
following live Salmonella injection, en-
hanced granulopoiesis by 2 dpi was only
observed in those (up to 60%) larvae
that showed neutrophil depletion a day2 Elsevier Inc.before, by 1 dpi. Yet injection of heat-
killed Salmonella, which induced no neu-
trophil depletion, also induced enhanced
granulopoiesis. Investigating such a con-
undrum, and more generally interindi-
vidual differences in the hematopoietic
response to microbe sensing, will prob-
ably require a real-time followup of the
detailed course of infection and phago-
cyte behavior in individuals in correlation
with their hematopoiesis. For such amulti-
scale in vivo approach, thisminivertebrate
model is especially well-fitted.
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